Mouse hybridomas producing antibodies against the structural proteins of strain WV4843, a subgroup B strain of respiratory syncytial (RS) virus, were produced by fusion of Sp2/0 myeloma cells with spleen cells from BALB/c mice immunized with purified preparations of the virus. After immunoprecipitation tests with [35S]methionine-labelled extracellular virions, 35 clones found to produce antibodies against the fusion (F) protein, six against the membrane (M) protein, 21 against the nucleocapsid (NP) and eight against the phospho-(P) protein were further characterized. Immunoprecipitation with [3H]glucosamine-labelled intracellular virus polypeptides detected nine hybridoma cell lines producing antibodies against the large glyco-(G) protein of the virus. By competitive binding ELISA tests with monoclonal antibodies against each of the structural components, a minimum of two, 24, four, 15 and three epitopes were detected on the G, F, M, NP and P proteins, respectively. Eleven monoclonal antibodies directed against nine epitopes of the F protein could neutralize the infectivity of the virus. In contrast, none of the nine monoclonal antibodies against G could neutralize the infectivity of the virus. In order to find out more about the antigenic relationship between human and bovine RS virus strains all monoclonal antibodies were reacted with subgroup A RS virus and also with three different strains of bovine RS virus and one strain of caprine RS virus in immunofluorescence, ELISA and immunoprecipitation tests. In addition, 31 previously developed monoclonal antibodies against subgroup A virus were reacted with the bovine and caprine strains. The numbers of monoclonal antibodies of subgroup B specific for the B type of the two human subgroups were 9/9, 3/35, 0/6, 0/21, 0/8, for the G, F, M, NP and P proteins, respectively. No antigenic variations were found between the three bovine strains and the caprine strain. They did not react with the nine monoclonal antibodies against the
INTRODUCTION
Human and bovine respiratory syncytial (RS) virus belonging to the genus Pneumovirus of the family Paramyxoviridae are common pathogens that cause serious lower respiratory tract illness in young children and calves (Stott & Taylor, 1985; Mclntosh & Chanock, 1985) . Antigenic 0000-7815 O 1987 SGM heterogeneity among RS virus strains has been observed by the use of polyclonal sera in neutralization tests with different RS virus strains (Coates et al., 1963; Doggett & TaylorRobinson, 1964; Wulff et al., 1964) . The basis for these differences has remained unexplained. In recent years the presence of antigenic epitopes of different strains of human RS virus has been investigated with monoclonal antibodies (MAbs; Ward et al., 1984; Gimenez et al., 1984; Anderson et al., 1985; Mufson et al., 1985) . Division of RS virus into two major groups was reported by Anderson et al. (1985) . In studies using a large panel of MAbs reacting with five structural components of the Long strain of RS virus, i.e. the large glyco-(G) protein, fusion (F) protein, matrix (M) protein, nucleocapsid (NP) protein and phospho-(P) protein, two subgroups of RS virus were found, named subtype A and subtype B (Mufson et al., 1985) . The major antigenic difference between subgroups A and B was found on the G protein. Only one of nine MAbs directed against the G protein of subgroup A reacted with subgroup B virus. Within each subgroup no antigenic variation was detected. In a subsequent study, differences in the properties of homologous structural components of eight strains of subgroup A and eight strains of subgroup B were investigated (Norrby et al., 1986) . Subgroups A and B differed in the sizes of the cleavage product F~ protein and the P protein. In addition, the pattern of breakdown products of the F~ protein after protease digestion was subgroup-specific.
Antigenic comparison of one human and one bovine strain of RS virus by the aid of MAbs has been reported (Taylor et al., 1984) , and little antigenic difference between the F proteins of the two strains was found. In contrast, the antigenic difference between the G proteins of the two strains was pronounced. In another study using two MAbs against the NP protein it was found that the structure of the NP protein of a bovine strain was partly different from that of human strains (Ward et al., 1984) .
The aim of the present study was to prepare and characterize serologically a large number of MAbs directed against the major structural proteins of subgroup B human RS virus. With the aid of these reagents, attempts were made to estimate the number of epitopes on each structural component of the virus. Attempts were also made to identify these epitopes in subgroup A and bovine strains of RS virus.
METHODS
Virus strains and preparation of virus materials. Four human strains of RS virus were used, i.e. subgroup B virus strains, WV4843 and WV3212, and two subgroup A strains, RS Long and CH287 (Mufson et al., 1985) . One bovine strain designated B-127 was kindly made available by Dr J. Stott, AFRC Institute for Research on Animal Diseases, Compton, Newbury, U.K. ; two bovine strains, BRS 9/2/77 and BRS p6 11/22 were obtained from Dr G. A. Prince, Laboratory of Infectious Diseases, National Institutes of Health, Bethesda, Md. 20892, U.S.A. The strain BRS p6 11/22 was originally received from the U.S. Department of Agriculture. One isolate of RS virus from goat was obtained from Dr J. Guy, North Carolina State Veterinary School, Raleigh, N.C., U.S.A. All strains were propagated in Vero cells maintained in Eagle's MEM containing 2~ foetal calf serum. When the cultures showed pronounced c.p.e, extracellular virions were purified from the medium. The purification procedure included centrifugation in sucrose gradients as described previously (Orvell, 1978) .
Production ofhybridoma celllines. Purified virions of the WV4843 strain were used for immunization of BALB/c mice. The procedure for immunization of mice and production of hybridoma cell lines has been described previously (Orvell & Grandien, 1982; ()rveU et al., 1985) .
ELISA. The technique first described by Engvall & Perlmann (1972) was used. Purified virions of the eight RS virus strains included in the study were frozen and thawed ten times, sonicated and used to coat plastic plates (protein concentration 20 ~-tg/ml). The titres for the different clones are expressed as the highest 10-fold dilution that gave an absorbance of more than 0.2 (Orvell & Grandien, 1982) . A 1000-fold or more difference in titre between different strains of RS virus was considered significant. The ELISA test was also used to determine the immunoglobulin class and subclass of antibodies produced by individual hybridoma cell lines by the technique described previously (Orvell, 1984; ()rvell el al., 1985) . The ELISA test was also used for competition experiments with peroxidase-conjugated MAbs in order to define epitopes on structural components. The technique used has been described in detail in earlier publications (0rvell, 1984: 0rvell et al., 1985) .
Radioimmunoprecipitation assay (RIPA).
[3sS]Methionine-labelled purified virions were used as antigen in RIPA for characterization of clones reacting with the F, NP, P and M proteins of RS virus. The technique was similar to that used for characterization of MAbs directed against canine distemper virus (Orvell et al., 1985) . The labelled, purified virions were adjusted to RIPA buffer composition in an ice bath in order to preserve antigenic determinants. RIPA tests with [3H]glucosamine-labelled intracellular viral antigens were carried out to identify MAbs directed against the RS virus G protein. RS virus-infected Vero cell cultures showing c.p.e, were labelled with [3H]glucosamine at 20 ~tCi/ml medium for 48 h and the viral antigen was prepared as described previously (Orvell & Norrby, 1980) . All MAbs directed against WV4843 were reacted with the two antigen preparations of the homologous virus. In selected cases these MAbs were reacted with RS virus Long of subgroup A and RS virus B-127 as a representative of the bovine strains. The MAbs directed against the Long strain were previously reacted with the WV4843 strain (Mufson et al., 1985) . In the present study these MAbs were reacted with the B-127 bovine strain and the caprine strain of RS virus in RIPA.
Immunofluorescenee (IF) analysis.
The technique for IF has been described previously (Norrby et al., 1982) . Vero cells grown on coverslips in Leighton tubes were infected with the four human RS virus strains, the three bovine strains and the goat isolate of RS virus. When c.p.e, was distinct the cells on the coverslips were fixed in cold ( -20 °C) acetone for 10 min and then air-dried. The different MAbs from ascites material were used at dilutions of l :10 and 1:50 to stain cells infected with the different strains.
Neutralization test.
A plaque reduction neutralization test was used to determine the neutralization titres of the different MAbs. Twofold dilutions of the MAbs were prepared in a volume of 0.2 ml of HEPES lactalbumin hydrolysate medium and mixed with an equal volume of 0.2 ml of extracellular RS virus containing 100 to 200 p.f.u, per 0.1 ml of either WV4843, Long or B-127 strains of RS virus. After incubation of the antigen-antibody mixtures at room temperature for 1 h the number of plaques was determined on confluent Vero cells in Petri dishes as described previously (Orvell & Grandien, 1982) but without trypsin in the agar overlay medium. The neutralization titre of the different MAbs was defined as the highest dilution of antibody that could inhibit 50 % or more of the plaques formed in the control cultures without antibodies. The MAbs were also tested for their ability to prevent the development of c.p.e, after initiation of infection by RS virus. These experiments were performed in the following way. Confluent Vero cell layers in Leighton tubes were infected with RS virus WV4843 at an m.o.i. of 0.001. The tubes were rocked at 37 °C for 60 min. Then l ml of maintenance medium was added to each tube and the incubation was continued for 4 h at 37 °C. Five h after infection the cultures were washed twice with 1 ml of maintenance medium after which 2 ml of maintenance medium containing the different MAbs directed against F protein at final dilutions of 1 : 20, 1 : 67, 1 : 200, 1 : 670 and 1 : 2000 were added to two tubes per dilution. After 7 days incubation at 37 °C the final inspection of tubes for syncytium-forming c.p.e, was performed. The highest dilution of MAb that could inhibit syncytium formation in the control tubes without antibodies was defined as the end titre. The test is considered to measure the ability of the antibodies to inhibit fusion of cells (fusion from within) and cell-to-cell spread of infection.
RESULTS

Specificity of mouse hybridoma cell lines
The different mouse hybridoma cell lines producing virus-specific antibodies reacting with the WV4843 strain of RS virus were re-tested before passage in the abdominal cavity of BALB/c mice. Ascites materials that had an ELISA titre of >/103 were subjected to RIPA with psS]methionine-and [3H]glucosamine-labelled, purified virions. Thirty-five, six, 21 and eight MAbs found to react with the F, M, NP and P proteins of the virus, respectively, were further characterized (see below). An example of precipitation of [35S]methionine-labelled structural proteins can be seen in Fig. 1 . Coprecipitation of the NP protein occurred in these experiments. Antibodies directed against the P protein gave a strong coprecipitation of the NP protein, but those against the NP protein did not coprecipitate the P protein. This allowed a distinction to be made between the two kinds of antibodies. Similar results have been observed with MAbs against the NP and P proteins of subgroup A (E. Norrby, unpublished data 
Characterization of mouse ascites material from nine clones directed against the G protein of subgroup B
The nine MAbs directed against the G protein were subjected to competition experiments in ELISA tests and reacted with subgroup A, subgroup B and bovine RS virus strains in ELISA, IF, R I P A and neutralization tests (Table 1) . Four M A b s were directed against one epitope of the protein and four others were directed against a second epitope. The epitope specificity of clone 8.943 could not be determined. None of these nine M A b s could neutralize the infectivity of the virus. They did not react with subgroup A, bovine or caprine RS virus in ELISA, IF or R I P A 
Characterization of mouse ascites material flrom 35 clones directed against the F protein
Thirty-five clones producing antibodies against the F protein were characterized by the different serological tests (Table 2) . Twenty-four epitopes were identified on the F protein of subgroup B. Three MAbs directed against two epitopes (epitopes 1 and 4) reacted with subgroup B, but not subgroup A of the human strains in ELISA and IF. They did not react with the Long strain in RIPA (data not shown). Monoclonal antibodies directed against epitope 1 reacted with the bovine RS virus strains, but those against epitope 4 did not. The three bovine strains and the caprine strain of RS virus reacted similarly in tests with the anti-F MAbs. Seven MAbs directed against five epitopes (epitopes 3, 4, 13, 20 and 24) did not react with these four strains. Eleven MAbs directed against nine epitopes (epitopes 6, 7, 10, 14 to 17, 19 and 2l) were found to neutralize the infectivity of the virus. These eleven antibodies also reacted with subgroup A, bovine and caprine RS virus in ELISA and IF tests. In addition these antibodies neutralized the infectivity of one subgroup A strain tested (RS Long) and one bovine strain tested (RS B-127) as effectively as they neutralized the homologous strain. The different MAbs were also tested for their ability to inhibit fusion and the development of c.p.e, by their addition to the medium of infected cultures 5 h after the start of infection (see Methods). Their ability to inhibit the development of c.p.e, measured in this test correlated with their titres measured in the plaque reduction neutralization test (data not shown).
Characterization of mouse ascites material from clones directed against the M, NP and P proteh~s
Monoclonal antibodies against the M, NP and P proteins of the virus could not neutralize the infectivity of the virus. Twenty-one MAbs against the NP and eight against the P proteins were directed against a minimum of 15 and three different epitopes on the respective protein, by the competitive ELISA. These MAbs reacted with the two subgroup A strains, the three bovine strains and the caprine strain in ELISA and IF. Six MAbs against the M protein of the virus were characterized (Table 3) . They were directed against four different epitopes. All MAbs reacted with subgroup A virus. Five out of six antibodies reacted with the bovine and caprine strains, but one, no. 7. 804, did not react with these strains. Table 2 . 
Reactivity of 35 clones producing antibodies directed against the F protein of RS virus strain WV4843
Subgroup
Reactivity of mouse ascites material from 31 clones directed against subgroup A with bovine and caprine strains of RS ~,irus
Previously developed MAbs directed against subgroup A (Mufson et al., 1985) were reacted with the three bovine strains and the caprine strain in ELISA and IF tests. They have previously been tested against four subgroup A and four subgroup B strains in RIPA and IF tests (Mufson et al., 1985) . In addition RIPA were performed with the bovine strain B-127 and the caprine strain. No antigenic differences between the three bovine strains and the caprine strain of RS virus were detected. The results obtained are summarized in Table 4 . None of the nine MAbs directed against G protein reacted with the bovine and caprine strains. The pattern of reactivity of those directed against the F protein was identical with subgroup B and the three bovine and one caprine strains (Table 4 , Fig. 3) . One or possibly two differences were detected between subgroup B and the bovine strains in tests with six MAbs directed against the M protein.
Monoclonal antibody B135 did not react with the bovine strains in ELISA and IF tests, but reacted with subgroup B. In contrast, by the RIPA, no reaction with this antibody was observed with either subgroup B or the bovine strains. The MAb C785 did not react in IF tests with the B strain grown in Vero cells, but with the bovine strains the reaction was distinct. Of the nine MAbs directed against the NP protein, clone B131 did not react with the bovine strains, but reacted with subgroup B. The clone B90, which did not react with subgroup B, reacted with the bovine strains. One MAb, C771, directed against P, did not react with the bovine strains.
DISCUSSION
In the present study, 79 MAbs directed against five structural components of subgroup B of RS virus have been characterized. Antibodies against four structural proteins, F, M, NP and P, could be identified in RIPA with [s~S]methionine-labelled, purified virions, but antibodies directed against the G protein could not be identified with either [3~S]methionine-or [3H]glucosamine-labelled purified virions. Nine antibodies directed against the G protein were identified by the use of [3H]glucosamine-labeUed intracellular viral antigen. This was interpreted to mean that the G protein labelled poorly or was present in reduced quantities in purified virions. It is known that the G protein labels poorly with [35S]methionine at least in subgroup A RS virus, since only two methionine residues are contained in the protein (Satake et al., 1985) , but if it is present in purified virions the protein should be effectively labelled with
[3H]glucosamine. Instead it appears likely that the protein was present in reduced quantities in purified virions. It has been reported that considerable amounts of the G protein can be found in free form in the medium from RS virus-infected cells (Hendricks et al., 1987) . Nevertheless, the amount of G protein left on purified virions used for immunization was enough to allow the establishment of MAbs directed against the protein. The G protein of RS virus is heavily glycosylated (Gruber & Levine, 1985) . The difference in size between the G protein of RS virus grown in HeLa cells and Vero cells is probably due to the difference in glycosylation which may Mufson et al. (1985) . Mufson et al., 1985) . It is known that antibodies against the G protein can neutralize the infectivity of RS virus (Walsh et al., 1984; Olmsted et al., 1986) . Those raised against subgroup B in this study and against subgroup A in the previous study must therefore be directed against immunodominant epitopes not capable of eliciting neutralizing antibodies. No reaction with subgroup A was detected with the antibodies directed against the G protein. In a previous study eight out of nine MAbs against the G protein of subgroup A did not react with subgroup B (Mufson et al., 1985) . In a recent study a set of 23 nested peptides 15 amino acids long with five amino acid overlaps representing the complete extramembranous part of the G protein of subgroup A was analysed in ELISA with rabbit hyperimmune sera and the nine MAbs against the G protein of subgroup A (Norrby et al., 1987) . A reaction was observed between seven of the MAbs and only one peptide, peptide 12, whereas four rabbit hyperimmune sera against subgroup A reacted with seven different peptides. Pronounced reactions of five rabbit hyperimmune sera against subgroup B with these peptides were reported in the same The pattern of precipitation was exactly the same as that observed with the two subgroup B strains WV3212 and WV4843 from the work of Mufson et al. (1985) .
study (Norrby et al., 1987) . Therefore the lack of cross-reaction found between the two subgroups with the MAbs used in the present study and in the previous one (Mufson et al., 1985) may not have been representative of the antigenic relationship between the G proteins of the two subgroups. Four MAbs directed against one epitope of the G protein reacted with strain WV4843 but not with strain WV3212 of the subgroup B strains. This result indicates that antigenic heterogeneity exists between the G protein of these two subgroup B strains. Eleven of the 35 MAbs against the F protein could neutralize the infectivity of RS virus and when added after the start of infection they could also prevent fusion of cells in RS virus-infected tissue cultures. These results are similar to previously reported findings with monoclonal and polyclonal sera (Fernie & Gerin, 1982; Walsh et al., 1985 , Olmsted et al., 1986 .
Antibodies against two and five out of 24 epitopes of the F protein of subgroup B did not react with subgroup A and the bovine strains, respectively. These results seem to indicate that there is a considerable antigenic homogeneity between the F proteins of subgroups B and A and also between subgroup B and the bovine strains. An intriguing finding was that all 1 l MAbs that could neutralize the infectivity of the homologous subgroup B also neutralized subgroup A and the bovine strains equally effectively. With respect to the potential use of bovine RS virus strains as vaccines in humans it would be of interest to investigate whether MAbs directed against the F protein of bovine strains with ability to neutralize infectivity would also neutralize the infectivity of human subgroup A and subgroup B virus. It would be of interest to investigate to which part of the molecule the neutralizing antibodies will bind.
Thirty-five MAbs directed against the M, NP and P proteins could not distinguish between subgroups B and A. These findings may indicate that there is a higher antigenic homogeneity between these structural proteins than between the envelope components.
When the bovine strains of RS virus were tested against MAbs directed against subgroup A, differences between subgroup A and the bovine strains could be detected on each of the five major structural proteins. With these MAbs the largest differences between subgroup A and the bovine strains concerned the G protein, similar to the situation found with the subgroup B MAbs and similar to the results reported by Taylor et al. (1984) . With the MAbs directed against subgroup A, differences between subgroup B and the bovine strains were detected on each structural component except the F protein. Results with the subgroup B MAbs showed that the F proteins of subgroup B and the bovine RS virus strains differed. The three bovine strains and the caprine strain of RS virus were isolates collected from different geographical locations. No antigenic differences were observed between these strains. In order to find out about the possible existence of more than one antigenic type among bovine RS virus strains more strains have to be studied. The four non-human strains studied in the present investigation appeared to be antigenically homogeneous and with the possible exception of the G protein they shared considerable antigenic homogeneity with both human subgroups.
